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Abstract We applied the gCAP algorithm to determine
239 focal mechanism solutions 3:0MW 6:0ð Þ with
records of dense ChinArray stations deployed in Yunnan,
and then inverted 686 focal mechanisms (including 447
previous results) for the regional crustal stress field with a
damped linear inversion. The results indicate dominantly
strike-slip environment in Yunnan as both the maximum
(r1) and minimum (r3) principal stress axes are sub-hori-
zontal. We further calculated the horizontal stress orien-
tations (i.e., maximum and minimum horizontal
compressive stress axes: SH and Sh, respectively) accord-
ingly and found an abrupt change near *26N. To the
north, SH aligns NW-SE to nearly E-W while Sh aligns
nearly N-S. In contrast, to the south, both SH and Sh rotate
laterally and show dominantly fan-shaped patterns. The
minimum horizontal stress (i.e., maximum strain axis) Sh
rotates from NW-SE to the west of Tengchong volcano
gradually to nearly E-W in west Yunnan, and further to
NE-SW in the South China block in the east. The crustal
strain field is consistent with the upper mantle strain field
indicated by shear-wave splitting observations in Yunnan
but not in other regions. Therefore, the crust and upper
mantle in Yunnan are coupled and suffering vertically
coherent pure-shear deformation in the lithosphere.
Keywords Tibet  Yunnan  Focal mechanism solution 
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1 Introduction
The tectonic evolution of the Tibetan plateau (Fig. 1a),
especially its rapid uplift, has always been the focus in geo-
sciences. Different mechanisms have been proposed among
which the lateral lithospheric extrusion (e.g., Tapponnier et al.
1982, 2001), thickening Asian crust (England and Houseman
1989), and ductile mid-lower crustal flow (e.g., Royden et al.
1997, 2008) are threemost popular candidates. The structures
and dynamics in SE Tibet are essentially important for
understanding the tectonic evolution of the plateau. However,
there is ongoing debates on whether the crust and upper
mantle are coupled or not beneath Yunnan SE to Tibet on the
basis of the comparison between the crustal strain field
inferred from GPS observations and the upper-mantle strain
field inferred from teleseismic shear-wave (i.e., SKS, SKKS,
and PKS) splitting analysis (e.g., Flesch et al. 2005; Wang
et al. 2008; Huang et al. 2015a).
Yunnan is located in the southern part of the North-
South seismic zone that is characterized as high seismicity
and heavy seismic hazards (Fig. 1b). The focal mechanism
solutions of small-to-moderate earthquakes are important
indicators of the stress field near the source, i.e., generally
in the crust under continents. Thus inverting for the focal
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mechanisms in Yunnan may help to understand the stress/
strain field in the crust, which is important for discussing
the crust-mantle coupling/decoupling model in SE Tibet.
Many previous researchers determined the earthquake
focal mechanisms there with such an approach and studied
the stress field in different blocks as well as the influence of
the active faults (e.g., Xu et al. 1987, 2010; Xie et al. 1993;
Qian et al. 2011; Cui et al. 2006; Ma et al. 2008; Luo et al.
2014). Zhao et al. (2013) further derived the regional stress
field in Yunnan through a damped linear inversion
(Hardebeck and Michael 2006) using the focal mechanisms
obtained from records of the permanent stations and the
gCMT catalogue. They found that Yunnan is under a
strike-slip faulting regime dominated by horizontal maxi-
mum and minimum principle stresses and that the orien-
tation of the maximum principle stress axis clearly follows
the surface horizontal velocity field from GPS observations
(Zhao et al. 2013).
In this study, we first obtained the focal mechanism
solutions of 239 events 3:0MW 6:0ð Þ recorded by
dense ChinArray stations deployed in Yunnan with the
gCAP algorithm. The dense stations allows us to determine
the focal mechanisms for earthquakes of magnitude down
to MW 3:0 (compared with MW 3:4 with permanent sta-
tions in previous studies), which provides better space
coverage. We then inverted the improved dataset for the
regional stress field with a damped linear inversion
(Hardebeck and Michael 2006) and compared it with the
upper-mantle strain field indicated by shear-wave splitting
measurements. The results suggest coupled crust and
mantle in Yunnan, which improves our understanding of
the tectonic evolution of the Tibetan Plateau.
2 Focal mechanism solutions
The waveform used in this study is recorded by 343
portable stations (Fig. 1a) of the ChinArray project
deployed in SE Tibet (mostly in Yunnan province) during
August 2011 to December 2013. Most of the stations were
equipped with a Guralp CMG-3EPC three-component
broadband seismometer and a Reftek-130 digitizer. The
sampling rates are 100 samples per second. We collected a
total of 372 local events with 3.0 B MW B 6.0 occurred in
this region.
In this study, we used the generalized Cut-and-Paste
(gCAP) method (Zhao and Helmberger 1994; Zhu and
Helmberger 1996; Zhu and Ben-Zion 2013) to determine
the seismic moment tensors of the local events. The
method selects five phase windows (i.e., two P-wave
windows on the vertical and radial components and three
S-wave windows on all three components) for
Fig. 1 Tectonics in SE Tibet. a Black triangles show 343 temporary station in Yunnan (YN) deployed by the ChinArray project. Black and red
curves denote major tectonic boundaries (Ren 1999) and active faults, respectively. The red triangle denotes the Tengchong volcano (TCV). The
abbreviations are: SCB Sichuan basin, SYRB Sichuan-Yunnan rhombic block, ICB Indochina Block, RRFZ Red-River fault zone, XXFZ
Xianshui-Xiaojiang fault zone, DYFZ Deyuzuo-Yinmahu fault zone; NCJFZ Nanhua-Chuxiong-Jianshui fault zone. b Circles denote 327 local
events recorded by the ChinArray stations during August 2011 to December 2013. The sizes of the circles denote the magnitudes of the events
with the scale shown in the bottom-left inset
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3-component seismograms recorded at each station. The
synthetic waveforms were modeled with the F-K algorithm
(Aki and Richards 2002; Zhu and Rivera 2002). The 1D
velocity model (Fig. 2a) was derived from the layered
model from seismic exploring (e.g., Wang et al. 2003). The
fit between synthetic and observational seismograms is
calculated separately for the short-period P-wave and long-
period S-wave windows. Different time-shifts and weights
were used for P and S wave windows to reduce to uncer-
tainties induced by 1D velocity model and to avoid the
dominance of surface wave, respectively. The grid-search
algorithm is applied to search for the optimal moment
tensors that minimize the misfit between the synthetic and
observational waveforms.
Figure 2 shows the 1D velocity model and an example
of gCAP solution for an MW 4.1 event occurring on 16
October 2011. We only used the records at stations with
epicentral distances smaller than 400 km. Figure 2c
shows both the synthetic and observational waveforms.
The correlation coefficient is generally greater than 0.7 for
P-wave windows (80 %) and greater than 0.8 for S-wave
windows (90 %), which indicates that the result is reliable.
Finally, we obtained 239 robust focal mechanism solutions
from the 372 events analyzed (Table S1). Most of the event
occurred at depths of\20 km and have the magnitudes of
MW 3.0–4.0 (Fig. 3a). The general pattern of the focal
mechanisms (Fig. 3a) is similar to previous studies
(Fig. 3b; Tables S2–S4) (e.g., Xu et al. 2010; Zhao et al.
2013; Luo et al. 2014). Most of the earthquakes are strike-
slip events, which is consistent with the dominant strike-
slip regime in Yunnan due to the India-Asian collision
(e.g., Tapponnier et al. 1982, 2001). However, we also
found some normal and thrust type events in south Yunnan
(i.e., Indochina Block) (Fig. 3a) that were not visible in
previous studies with permanent stations (Fig. 3b). It may
indicate that the occurring of smaller events (*MW 3.0) is
affected significantly by local structures in smaller scale
(e.g., Scholz 2002; Huang et al. 2011b). In contrast, for
larger events (MW C 3.4), the regional stress field is more
important.
The stress field inferred from the focal mechanisms
shows important transition from north to south at 26–28N
(Fig. 4). To the north, the P-axis mainly aligns E-W while
the T-axis is nearly N-S. It reflects the E-W compression
regime because the eastern expansion of the Tibetan Pla-
teau is blocked by the stable Sichuan basin (i.e., Yangtze
Craton). To the south, the dominant P and T axes are N-S
and E-W, respectively. However, both P and T axes show
important rotations. The P-axis rotates anticlockwise from
NE-SW in the west gradually to NW-SE in the east while
T-axis rotates anticlockwise from NW-SE in the west to
NE-SW in the east.
3 Stress field inversion
The earthquakes occurred on a preexisting weak zone or
fault and the stress directions inferred from individual focal
mechanisms may show considerable lateral variations (e.g.,
Scholz 2002). Instead, the regional stress field can be
estimated from a group of events in a limited area (e.g.,
Gephart and Forsyth 1984; Michael 1987; Huang et al.
2011a). In this study, we used the MSATSI toolbox
(Martinez-Garzon et al. 2014) to apply the damped regio-
nal-scale linear inversion (Hardebeck and Michael 2006;
Michael 1987) and inverted the 686 focal mechanism
solutions (239 in this study and 447 in previous studies) for
the uniform stress field in Yunnan. The method divides the
study region into many subareas and simultaneously invert
for stress field (Michael 1987) in all subareas while mini-
mizing the difference in stress between adjacent subareas.
It is a least-squares solution of the equation:
GTGþ e2DTD m ¼ GTd;
where m is the model vector containing the stress tensor
elements at the grid points, d is the data vector including
the slip vector components of earthquakes at the corre-
sponding grid points, and G is the data kernel matrix
involving the normal vector components of all the fault
planes. The matrix D is the damping matrix formed by
blocks of zeros, the identity matrix I and its opposite -I,
which is used to minimize the difference in stress between
adjacent subareas. e is the damping parameter to adjust the
strength of damping. The damped inversion may well
resolve the general pattern of the stress field in a region
(Hardebeck and Michael 2006) while removing some local
features due to geological activities such as active faults
(e.g., Hardebeck and Hauksson 2001; Huang et al. 2011b).
We first inverted for the smoothed stress field in Yunnan
with the 239 focal mechanism solutions obtained in this
study (Fig. 5a) and then with all of the 686 solutions by
combining previous results (Fig. 5b). Both results show
dominantly similar patterns that suggest the crust beneath
Yunnan is general under strike-slip environment (with both
horizontal r1 and r3). The thrust regime is generally
located to the west of the Sichuan basin where nearly E-W
r1 is consistent with the eastward extrusion of the Tibet’s
materials. The normal regime is located in northwest
Yunnan and r3 is sub-parallel to the active faults. Both r1
and r3 show important rotation from west to east (Fig. 5)
that are comparable to the P and T axes of single focal
mechanism solutions (Fig. 4), respectively. The first-order
pattern is the same with previous studies that characterized
the regional stress field in Yunnan, e.g., by focal mecha-
nism solutions of many smaller events in a region (Xu et al.
1987), traditional stress field inversion with many focal
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mechanisms in a region (e.g., Wan 2010), and damped
stress inversion with focal mechanisms determined with
permanent stations (Zhao et al. 2013). All these results
show dominant abrupt change near 26N–28N, i.e., from
E-W r1 and N-S r3 in the north to N-S r1 and E-W r3 in
the south. The gradual transitions of both r1 (NE-
SW ? N-S ? NW–SE from west to east) and r3 (NW–
SE ? E-W ? NE-SW from west to east) in the south are
also notable (Fig. 5). Note that adding more focal mecha-
nism solution of smaller events recorded by the dense
Fig. 2 An example of the focal mechanism determination with the gCAP method for an earthquake occurring at 16 October 2011. a The 1D
velocity model used in the study derived from Wang et al. (2003). b The locations of the event and corresponding stations used to determine the
focal mechanisms. c Synthetic (red) and observational (black) seismograms at the stations marked in the left. The two numbers under each
segment are the time shift in seconds between the synthetic and observational waveform (upper) and the waveform correlation coefficient (lower;
100 means best fit)
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ChinArray stations does not change the patterns of stress
field in Yunnan compared with that of Zhao et al. (2013)
(Figs. 4, 5, 6). The consistent result may due to the limited
smaller events recorded in a short period in the dataset and,
on the other hand, suggests robust and reliable stress
inversion in Yunnan with the damped inversion method in
this study.
In order to directly compare the present stress filed in
the crust to that determined with GPS observations and
mantle strain field inferred from shear-wave splitting
Fig. 3 a 239 focal mechanism solutions obtained in the present study. The red, blue, and black symbols denote the reverse, normal, and strike-
slip type events, respectively. The sizes of the symbols denote the magnitude of the events with the scale shown in the bottom-left inset. The
statistics of the depths is showed in the bottom-right inset. b The same as (a) but for the 447 focal mechanism solutions collected from previous
studies (Xu et al. 2010; Zhao et al. 2013; Luo et al. 2014) and the gCMT catalogue (1976–2015). For other labelings, see Fig. 1
Fig. 4 Orientations of a P and b T axes of the 686 focal mechanism solutions showed in Fig. 3. The black and blue bars denote the results of the
239 events determined in the present study and the 447 events of previous studies, respectively. The lengths of the show bars denote the plunges
of the axes as shown in the bottom-right inset. For other labelings, see Fig. 1
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measurements, we further calculate the horizontal stress
orientations (i.e., maximum and minimal horizontal com-
pressive stress: SH and Sh, respectively) from the stress
tensors (Lund and Townend 2007; Schimitt et al. 2012)
(Fig. 6). The results are similar to those revealed by P and
T axes orientations (Fig. 4) and stress field inversions
(Fig. 5), which clearly show the transition near 26N–28N
(i.e., from dominantly E-W compression and N-S extension
in the north to dominantly N-S compression and E-W
extension in the south) as well as their rotation from west to
east as mentioned above.
4 Discussion
As part of the North-South seismic zone with high seis-
micity and heavy seismic hazards, many previous studies
determined the focal mechanisms of the small-to-moderate
Fig. 5 a Results of the stress field inversion from the 239 focal mechanism solutions shown in Fig. 3a on a 2D grid with uniform grid spacing of
0.7. The magenta bars denote the orientations of the minimum principle stress axis r3 (i.e., tensional axis), while the green, red, blue, and black
bars denote the orientations of the maximum principle stress axis r1 (i.e., compression) in the strike-slip, normal, thrust, and mixed faulting
environments, respectively. The lengths of the show bars denote the plunges of the axes as scale shown in the right inset. The colors of the circles
indicate the number of events at the corresponding grid node with the scale shown in the right. b Same as (a) but for the total 686 events by
combining the 447 focal mechanism solutions collected from previous studies (Xu et al. 2010; Zhao et al. 2013; Luo et al. 2014) and the gCMT
catalogue (1976–2015)
Fig. 6 The maximum (SH) and minimum (Sh) horizontal stress orientations calculated from the stress tensors shown in Fig. 5 (Lund and
Townend 2007; Schimitt et al. 2012). The scales are shown in the bottom-right inset. For other labelings, see Figs. 1 and 5
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events and discussed the crustal stress field in Yunnan and
adjacent regions (e.g., Xu et al. 1987, 2010; Qian et al.
2011; Cui et al. 2006; Ma et al. 2008; Luo et al. 2014). In
spite of the general pattern of the crustal stress field in
Yunnan SE to Tibet from these earthquake focal mecha-
nisms (Xu et al. 1987; Luo et al. 2014), these studies
mainly revealed different stress orientations in different
blocks separated by the active faults as well as the influ-
ence of these active faults (e.g., Xie et al. 1993; Qian et al.
2011; Cui et al. 2006; Xu et al. 2010). In this study, we
applied the damped linear inversion (Hardebeck and
Michael 2006) and inverted for the focal mechanism
solutions for a smoothed regional crustal stress field in
Yunnan (Figs. 5, 6). Unlike many previous studies, we
focused on revealing the first-order pattern of stress/strain
field in the crust under Yunnan. We tried to compare the
tectonic deformation styles in the crust and upper mantle
that were inferred in this study and from shear-wave
splitting observations, respectively. The result is important
for understanding the lithospheric dynamics in SE Tibet.
The stress field and kinematics of the crust in Yunnan
have also been calculated with GPS observations and
Quaternary fault slip rate data (Fig. 7) (e.g., Flesch et al.
2005; Wang et al. 2008). The maximum horizontal stress
(SH) revealed in this study is generally consistent with the
surface movement of GPS observations (Fig. 7a) (Gan
et al. 2007), which show a fan-shaped style in SE Tibet.
The present minimum horizontal stress orientations (i.e.,
Sh) is consistent with the maximum extension revealed by
GPS and Quaternary fault slip data (Fig. 7b) (Wang et al.
2008). Focal mechanism solutions determined with many
small-to-moderate events in separated regions reveal the
same pattern of stress field in east Tibet (Xu et al. 1987).
These results suggest that the stress field obtained in this
study is true and represents the first-order pattern in the
crust in Yunnan SE to Tibet.
The fan-shaped pattern of stress field in Yunnan is only
part of the large-scale stress pattern in and around the
Tibetan plateau or even extending to east China (e.g., Xu
et al. 1987). The P axis rotates from NW-SE in western
Tibet to nearly N-S in northern Tibet and Tianshan, further
to NE-SW in eastern Tibet, and finally to E-W and NE-SW
in Yunnan of SE Tibet. England and Houseman (1989)
calculated the finite strain field in continental deformation
and found the stress field in and around the Tibetan Plateau
may be explained by a thin viscous sheet model under the
Indian-Asian collision. Alternatively, Xu et al. (1987)
further proposed the descending Burman slab to the west of
the Indochina block as another mechanism for the fan-
shaped stress field in Yunnan. But this model will cause the
extensional regime in quit a large area in Yunnan, which is
inconsistent with the dominantly strike-slip regime
revealed by focal mechanism solutions (Fig. 3). Thus, we
prefer the model of England and Houseman (1989) for the
first-order pattern of stress field in SE Tibet.
However, the local normal regime in NW Yunnan
(dashed ellipses in Figs. 5b, 6b) is very annoying. It can
hardly be explained by only the England and Houseman’s
Fig. 7 a Comparison between GPS observations (blue arrows) (Gan et al. 2007) and the principal compression (SH; red bars) obtained in this
study. b Comparison between the crustal maximum tensional strain field inverted from the GPS observations (cyan bars) (Wang et al. 2008) and
the tensional axis (Sh; yellow bars) obtained in this study. For other labelings, see Fig. 1
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(1989) model. Seismic tomography shows important
extensive low-velocity zones in the upper mantle under
Yunnan which are proposed as back-arc spreading due to
the subduction of the Indian or Burman Plate (e.g., Ni et al.
1989; Li et al. 2008; Lei et al. 2009; Wang et al. 2010; Wei
et al. 2012; Huang et al. 2015b). There is possible
asthenospheric flow from SE Tibet to eastern China (e.g.,
Li et al. 2008; Lei et al. 2014; Huang et al. 2015b, c) that
may probably help the lithosphere of the Indochina and
South China blocks above it move southeastward (e.g.,
Tapponnier et al. 1982, 2001). Such mechanism may
induce extensional regional in the whole lithosphere
between Tibet (belongs to Eurasian plate) and Yunnan
(belongs to Indochina and South China blocks). Another
mechanism may arise from the gravity potential and
instability in Yunnan. When the Tibetan plateau grows,
there is great gravity potential energy at the edge of the
high plateau. Thus the change is expected that from topo-
graphic gradient-parallel extension at high elevations to
topographic gradient-parallel shortening at lower eleva-
tions as the collapsing lithosphere encounters resistance
from surrounding regions (e.g., Flesch et al. 2005; Wang
et al. 2008). The mechanisms are well supported by our
results that show dominant N-S horizontal extension (i.e.,
Sh) at elevation greater than 3000 m and gradient-normal
Sh at elevation lower than 3000 m (Fig. 8). A fundament
difference between the two mechanisms is that the exten-
sional regime is located in the whole lithosphere for the
first mechanism while only in the shallow part (e.g., crust)
for the second mechanism (e.g., Wang et al. 2008).
Therefore, it is necessary to study the stress field in the
lithospheric mantle to better explain the tectonics and
dynamics in east Tibet.
Whatever the specific mechanism is, both previous and
present studies confirm the first-order pattern of the stress/
strain field in the crust under Yunnan. The mantle strain
field is usually inferred from teleseismic shear-wave (e.g.,
SKS) splitting observations where the fast polarization
directions of the fast S wave is parallel to the maximum
strain axes (e.g., Mainprice 2007; Karato et al. 2008). The
average delay times of SKS splitting in Yunnan are of the
order of 1.0–1.5 s (e.g., Flesch et al. 2005; Lev et al. 2006;
Huang et al. 2007, 2011a, 2015a; Sol et al. 2007; Wang
et al. 2008, 2013). Contribution of crustal anisotropy
inferred from Pms splitting (Sun et al. 2013) and surface
wave inversion (Yao et al. 2010) is generally \0.3 s in
most Yunnan in spite of some larger delay time to the north
of 26N (Sun et al. 2012). Thus the SKS splitting obser-
vations mainly reflect strain field in the upper mantle in
Yunnan, in particular to the south of 26N. Comparison
between the crustal stress/strain field and SKS splitting
measurements shows that the strain fields in the crust and
upper mantle are the same in Yunnan but different in other
regions (Fig. 9). The result suggests that the crust and
upper mantle under Yunnan are probably coupled and the
observed shear-wave splitting can be partly explained by
Fig. 8 a Comparison between topography and the horizontal minimum stress (i.e., tensional axis Sh; yellow bars) obtained in this study. b Same
as (a) but for a smoothed topography. For other labelings, see Fig. 1
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the pure-shear deformation in the lithosphere (e.g., Huang
et al. 2015a). Therefore, the model of lateral lithospheric
extrusion (e.g., Tapponnier et al. 1982, 2001) or thickening
Asian crust (England and Houseman 1989) is potential
model for the tectonics and dynamics in Yunnan SE to
Tibet while ductile mid-lower crustal flow (e.g., Royden
et al. 1997, 2008) does not exist to the south of 26N in
Yunnan.
5 Conclusions
We determined the focal mechanism solutions of 239
events (3:0MW 6:0) with the waveforms recorded by
the dense ChinArray stations deployed in Yunnan from
August 2011 to December 2013. Then we combined our
dataset with 447 focal mechanisms determined in previous
studies and inverted the total of 686 focal mechanisms for
the first-order pattern of stress field in the crust of Yunnan
with a damped linear inversion. Overall, the results indicate
dominantly strike-slip environment in Yunnan as both the
maximum (r1) and minimum (r3) principal stress axes are
sub-horizontal while an extensional regime is found in
northwest Yunnan.
We further calculated the horizontal stress orientations
and identified the maximum and minimum horizontal
compressive stress axes (SH and Sh, respectively) in the
crust. The horizontal stress axes change abruptly near
*26N. To the north, SH aligns NW-SE to nearly E-W
while Sh aligns nearly N-S. In contrast, to the south, both
SH and Sh rotate laterally and show dominantly fan-shaped
patterns. SH rotates from NE-SW to the west of Tengchong
volcano gradually to nearly N-S in west Yunnan, and fur-
ther to NW-SE in the South China block in the east.
Similarly, Sh rotates from NW-SE in the west to nearly
E-W in the middle, and further to NE-SW in the east. The
Sh axis (consistent with maximum horizontal strain) in the
crust is consistent with that inverted from GPS observa-
tions, whereas the maximum strain is normal to the GPS
observations. The maximum strain is also normal to the
gradients of the topography, suggesting the stress field in
the crust mainly arises from the gravity potential and
instability near the edge of the high plateau. The crustal
strain field is consistent with the upper mantle strain field
inferred from shear-wave splitting observations in Yunnan
but not in other regions. Thus the crust and upper mantle in
Yunnan are coupled and suffering vertically coherent pure-
shear deformation in the lithosphere, which partly
explained the observed shear-wave splitting.
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